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157) ABSTRACT

Method for encoding n parameters in multi-dimensional
Fourier NMR spectroscopy. In NMR tomography,
recording a third parameter 1s rendered possible with-
out any additional input, in addition to the determina-
tion of the two-dimensional data required for generating
an image, by generating phase-encoded double signals.
During Fourier transformation the double signals lead
to a striated pattern which i1s characteristic ot the
amount of the paramter. It is possible in this manner to
represent in NMR images in particular the velocity of a
flowing material or, for example, variations of the static
magentic field, the susceptibility and the chemical dis-
placement.

15 Claims, 7 Drawing Sheets
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METHOD FOR ENCODING AND DISPLAYING N
" PARAMETERS IN MULTI-DIMENSIONAL
FOURIER NMR SPECTROSCOPY

The present invention relates to a method having the
characteristics outlined in the preamble of claim 1.

A method of this type has been known already from
DE No. 34 45 689 A1l. This known method makes use of
pulse sequences furnishing successively a direct spin
echo signal and a stimulated spin echo signal. These
signals, which correspond to two data sets, are sepa-
rately subjected to Fourier transformation so that they
furnish different images the comparison of which ena-
. bles conclusions to be drawn regarding the encoded
parameter, for example the velocity of a substance. By
determining the difference between the data obtained
by such Fourier transformation, direct flux and flow
representations can be obtained also in the form of dif-
ferential images.

A similar method for measuring the flow velocity of
liquids has been described also by Magnetic Resonance
in Medicine, Vol. 1985, pages 555 to 566. From the
Journal of Magnetic Resonance , Vol 70, 1986, pages
163 to 168, a method has been known for determining
variations of the magnetic susceptibility by varying the
phase of successive signals, while GB 21 73 001 A de-
scribes a method of measuring the distribution of the
primary magnetic field.

All these methods have in common that the succes-
sive first and second signals belong to two different data
sets and that the value of the parameter to be deter-
mined is obtained by linear combination of the two data
sets. For the purpose of such linear combination it 1s
necessary either to record two independent signal sets
which are then subtracted whereafter the differential
signal is subjected to Fourier transformation, or else to
derive the data signals first by Fourier transformation
and subtract them thereafter. However, the described
linear combination leads to correct results only if the
signals of the two data sets are produced with high
reproducibility. It is particularly significant in this con-
nection that the amplitude of the two signals is of deci-
sive importance. Even slight amplitude variations may
result in considerable adulteration of the parameter to
be measured. |

From DE No. 35 28 894 A1 it has also been known to

produce two data sets which are encoded by a phase
information corresponding to two different velocity
profiles of a fluid which have been picked up at differ-
ent points in time. For the purposes of Fourter transfor-
mation, the calculations are carried out using a set of
signals covering a time interval whose center in time is
displaced a short way relative to the center of the spin
echo signal. Due to this displacement, the image date
are multiplied by a phase factor with the result that the
image generated exhibits a striated pattern which 1s
determined by the phase encoding by the nth parame-
ter. However, it is easily seen that the accuracy of this
method is dependent, to a high degree., on the accuracy
of the displacement of the center of the time interval
- relative to the center of the spin echo signal.

Now, it is the object of the present invention to im-
prove a method of the type described above so as to
enable the nth parameter to be determined and repre-
sented with high accuracy, without any particular re-
quirements regarding the reproducibility of the method,
or any special signal processing measures.
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This object is achieved with the aid of the features set
forth 1n the characterizing part of claim 1.

In the case of the method according to the invention,
therefore, no linear combination of the signals corre-
sponding to the (n— 1) data sets is effected, and no more
or less manipulation of the successive pairs of first and
second signals is effected, either. Instead, these signals
are stmply treated as uniform signals and subjected to
Fourier transformation so that one obtains automati-
cally a striated pattern which 1s characteristic of the nth
parameter.

Compared with the usual methods of n-dimensional
Fourier NMR spectroscopy, the number of measuring
sequences is reduced to the number required for plot-
ting a spectrum of the next lower dimension. As a resuit,
the recording time 1s reduced accordingly. The signals
which are shifted in phase relative to each other occur
during the same measuring sequences so that the repro-
ducibility of the signals obtained during the individual
measuring sequences is of no particular importance. If
any changes should occur in the measuring set-up or the
condition of the object to be measured while the spectra
are being plotted, this has no particular influence on the
determination of the nth dimension. In addition, the
striated pattern is obtained without any additional com-
putations and can be easily interpreted. Further, one has
the possibility, by appropriate selection of the parame-
ters of the measuring sequences, to adjust the intensity
of the striated pattern to a value which ensures both,
good discernibility of the striated pattern and perfect
interpretation of the tmage.

It is an essential aspect of the invention that during
each measuring sequence required for plotting the
(n—1) dimensional spectrum two signals are furnished
which correspond to the one and the other of the two
data sets, respectively, and which are shifted in phase
relative to each other in the direction of evolution of the
nth parameter.

The two signals can be obtained in different ways.
For example, the (n— 1) data sets can be recorded using
pulse sequences which provide a direct and a stimulated
echo as first and second signals, respectively. The inten-
sity of the striated pattern obtained according to the
invention may be influenced in this case by the value of
the flip angles. In particular, the flip angle of the first
refocussing pulse may differ from the flip angle of the
following refocussing pulses. |

According to a preferred embodiment of the inven-
tion, the measuring sequences consist of pulse sequences
which comprise a number of successive refocussing
pulses and where at least one of the parameters 1s en-
coded by a field gradient which is assigned a compensa-
tion gradient following each echo signal. In the case of
the methods that have been usual heretofore, the com-
pensation gradient is inversely equal to the field gradi-
ent to effect complete rephasing. In the case of the
method according to the invention, however, the nth
parameter is encoded by the generation of a compensa-
tion gradient different from the field gradient.

When pulise sequences furnishing a direct and a stimu-
lated echo are used it is, however, also possible to en-
code the nth parameter during the time interval be-
tween the first and the second refocussing pulse when
the magnetization of the content generating the stimu-
lated signal is a coherent z magnetization so that this
encoding has an influence only on the phase position of
the direct echo. |
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According to another possibility, the (n—1) data sets
are recorded with the aid of pulse sequences furnish as
signals the free induction decay and an echo signal, the

former corresponding to the one and the latter corre-
sponding to the other of the two data sets. In this case, 5
encoding of the nth parameter is effected during the

time mterval which precedes the refocussing pulse ef-
fecting the generation of the echo signal and during
which only the content furnishing the echo signal is
recorded.

In the cases described last, encoding of the nth pa-
rameter can again be effected by applying a correspond-
ing gradient during the before-mentioned time interval.

As mentioned before, the method according to the
invention is of particular significance for determining a
parameter representative of certain properties of a sub-
stance in an imaging process where the n—1=2 param-
eters are characteristic of two directions in the image
plane and the third parameter, which is characteristic of
a property of the substance, is displayed in the form of 2
a striated pattern which is superposed upon the image.
For example, the nth parameter and, accordingly, the
third parameter of the display may represent the veloc-
ity of the substance under examination or else the varia-
tion of its local susceptibility. The properties of the
substance may, however, also reflect the environment
to which the substance under examination is exposed, in
which case the nth parameter may, for example, also
relate to the variation of the strength of the local mag-
netic field or the variation of the chemical displacement
in the area of the substance under examination.

The invention will now be described and explained in
greater detail with reference to the embodiments shown
in the drawing. The features that can be derived from
the following description and the drawing may be used
in other embodiments of the invention either individu-
ally or in any desired combination. In the drawing:

FIGS. 1a through 1f are diagrams illustrating the
principle underlying the present invention;

FIGS. 24 and 2b are diagrams illustrating the differ-
ence between the conventional linear combination and
the method according to the invention;

FIGS. 3a through 3d depict the diagram of a pulse
sequence of the type used in one embodiment of the
invention, compared with a pulse sequence for a con-
ventional imaging method;

FIG. 4 shows a diagram illustrating the evolution in
time of the p phase of the transverse magnetization
during application of the gradient field and under the
effect of an rf pulse:

FI1G. 5 shows a diagram of the phase evolution dur-
ing application of the pulse sequence illustrated in
FIGS. 3a through 34;

FIG. 6 shows a diagram of the direct and stimulated
echo signals obtained by means of the pulse sequence
illustrated in FIGS. 3a through 3d;

FIGS. 7a through 74 depict the diagram of the pulse
sequence used by another embodiment of the invention:

FIGS. 8a through 84 depict the diagram of the pulse
sequence used by a third embodiment of the method
according to the invention;

F1G. 9 shows the spectrogram of a vessel containing
still water, obtained by the method according to the
Invention: and

FIG. 10 shows the spectrogram of a hose passed by

flowing water, obtained by the method according to the
invention.
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The invention will now be described with reference
to 1ts most important application, namely the generation
of two-dimensional images which is the basis of NMR
tomography. The result obtained by the method ac-

cording to the invention consists in an NMR image with
a striated pattern projected thereupon. The parameter

t0 be measured is represented by variations in the stria-
ted pattern which do not materially affect the informa-
tion provided by the image. FIG. 9 shows the image of
a square vessel containing still water, with superposed
horizontal bands. In contrast, FIG. 10 shows the image
of a hose through which is passed flowing water, with
superposed parabolic bands which provide a quantita-
tively correct image of the flow conditions prevailing in
the hose It is understood that numerous other experi-
ments are possible, in addition to flow measurements, by
which other parameters, for example the chemical dis-
placement, the magnetic susceptibility, field inhomoge-
neities, etc., can be rendered visible in the form of varia-

0 tions of the projected striated pattern. A striated pattern

can be projected upon a given image by generation of
interference. FIG. 12 shows a signal in the time domain,
FIG. 15 its Fourier transform in the frequency domain.
If the signal represented in FIG. 1a occurs again, dis-
placed in the time domain, as illustrated in FIG. 1c,
Fourier transformation of the double signal will - ac-
cording to the displacement theorem of Fourier trans-
formation - lead to the lineshape illustrated in FIG. 14
which represents the transform of the simple signal and
the function exp (—i2wft;), wherein f is the frequency
of the Fourier transform and t; is the spacing between
the two signals in the time domain. The image represen-
tation of the Fourier transform leads to a striated pat-
tern of the type shown in FIGS. 9 and 10. It should be
noted that due to the reciprocal properties of Fourier
transformation, narrow signal spacings in the time do-
main result in big spacings of the bands, and vice versa.

When applying the displacement theorem the oppo-
site way, 1t follows that the displacement of the striated
pattern as shown in FIG. 1f; with reference to the stria-
ted pattern according to FIG. 1d, occurs when the
signal in time domain is multiplied by the function exp
(—127fts), which in fact means nothing else than that a
phase difference is produced between the two time
signals according to FIGS. 1c and 1e.

From the above it follows for NMR spectroscopy
that every method used for generating an image by
which a double signal is produced which comprises two
individual signals shifted in phase relative to each other
will result in an image comprising the image normally
obtained when the signal is not doubled, and a super-
posed striated pattern which appears to be geometri-
cally displaced as a function of the parameter effecting
the phase vanation. Considering that phase variations
occurring in response to some parameter are the basis of
FT spectroscopy generally, it follows necessarily that
every parameter which can be measured by means of
any FT spectroscopy method is capable also of being
displayed in the form of a striated pattern generated by
the method according to the invention. Given the fact
that the method according to the invention consists
essentially of the generation of interference bands repre-
senting the relative phase position of signals corre-
sponding to each other, the method according to the
invention may also be described as NMR interferome-
try. It should be noted in this connection in particular
that doubling of the signal can be effected not only
along the time axis, i.e. in the direction of the read gradi-
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ent of the image, but also along the second coordinate,
for example in the direction of the gradient serving for
phase encoding. It will be readily seen that the method
according to the invention is applicable not only for
recording a third parameter in images plotted by NMR
spectroscopy, but may be used also, without any nota-
ble additional input, for recording an additional parame-
ter in any multi-dimensional method of FT spectros-
copy. |

Given the fact that the method according to the in-
vention uses two signals which are modified 1n response
to a parameter—just as in the method described above
where a linear combination is produced from two data
sets—it would seem appropriate to point out the funda-
mental differences between the two methods. While for
producing a linear combination of the type represented
in FIG. 2 two mutually independent signal sets must be
recorded and subtracted from each other, before the
differential signal can be subjected to Fourier transfor-
mation, the two signals to be combined are obtained in
the case of the method according to the invention by
recording a single signal set which is then subjected to
Fourier transformation without any additional opera-
tions, as represented once more in FIG. 2b. Compared
with the known method represented in FIG. 2q, this
reduces the recording time to half the time needed for
the conventional method, and in addition no particular
demands regarding the reproducibility have to be met in
the case of the method according to the invention. It is
of particular significance in this connection that the
amplitude of the two signals is almost of no importance.
A weak second signal only leads to reduced intensity of
the striated pattern but has no influence on the displace-
ment of the band which is determined by the parameter
and, thus, on the quantitative determination of the pa-
rameter. In many cases it will even be useful to reduce
the intensity of the striated pattern, which is superposed
upon the image, in order to preserve the full informa-
tion content of the image. In the case of the conven-
tional linear combination, in contrast, every modulation
of the amplitude will lead to drastical errors in the de-
termination of the parameter.

Considering that in the case of NMR interferometry
according to the invention the two signals are picked up
during an acquisition time which is in the range of only
10 to 20 ms for NMR image recording, any effects re-
sulting the measuring set-up or the measured object that
may lead to measuring errors are practically excluded
since any changes in the measuring conditions must
necessarily be very small during such a short acquisition
time. In addition, the method according to the invention
is the only one to provide the possibility to determine
any parameter variations in a direction other than the
direction of the time axis.

It is true that an NMR interferogram may be pro-
duced also by computational processing of the signal
sets obtained by successive measurements; however, in
this case the rapidity and the low susceptibility to errors
are lost which exactly make up the advantage of the
method according to the invention. Particularly clear
results are furnished by NMR interferometry according
to the invention in all cases where the parameter to be
determined effects linear phase variations and, accord-
ingly, linear displacements of the striated pattern. If the
phase variation is more complex, the clearness of the
results obtained is diminished. Accordingly, NMR in-
terferometry according to the invention is particularly
well suited for measuring all those variables which can
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be characterized by a single parameter, such as the field
homogeneity, the susceptibility, velocity, diffusion,
fat/water separation and the like. Mult-parameter vari-
ables of the type encountered in spectroscopy cannot be
recorded as efficiently.

The principles of the invention having now been
explained, some special embodiments of the method
according to the invention will be described hereafter in
greater detail.

The method illustrated in FIG. 3 is particularly well
suited for determining the velocity of flowing material
with high sensitivity. The method can be carried out in
an NMR imaging spectrometer of the type generally
used for NMR tomography. The method 1s based on the
pulse sequence illustrated in FIG. 3a where an approxi-
mately 90° pulse is followed by a number of rf pulses
having a flip angle a different from 180°. Preferably, the
flip angle a is in the range of from 120° to about 150°. A
flip angle of about 135° is particularly preferred. The
time interval between adjacent o pulses is equal to ap-
proximately twice the time interval between the first o
pulse and the initial 90° pulse. In general, the time inter-
val between adjacent a pulses is ordinarily limited by
the magnetic-field-gradient switching behavior of the
NMR imaging spectrometer. The time interval between
adjacent o pulses is preferably in the range of from
about 20 to about 35 msec, with a time interval of about
30 msec being particularly preferred. At least one read
is inserted in each time interval between the rf pulses
(F1G. 3b). In general, the strength of the magnetic field
gradients is determined by the criteria for the NMR
imaging procedure employed. For example, a read gra-
dient of roughly 3mT/m—which provides an acquisi-
tion bandwidth of roughly 25 kHz—is satisfactory for
many applications. The pulse sequence is a spin echo
pulse sequence where echo signals occur between the a
pulses. For imaging purposes, a phase gradient repre-
sented in FIG. 3¢ is inserted in the usual manner, in
addition to the disk-selection measures not shown in
detail. In the case of the conventional methods, for
example the known RARE methods, the phase gradient
is inserted twice, with opposite signs, between two a
pulses, namely before and after the echo signal, 1n order
to achieve rephasing of the excited spins which 1s neces-
sary for the generation of the echo signals. The known
RARE method, as represented in lines (a) to (c) of FIG.
3, makes it possible, in the extreme case, to produce all
projections required for image reconstruction by a sin-
gle excitation of the spin system.

The method according to the invention differs from
the known RARE experiment insofar as the rf pulses
following the approximately 90° excitation pulse are not
180° pulses, but produce a flip angle different from 130°,
as mentioned before. In addition, the compensation of
the phase gradient is varied after the echo signal has
been received. In the simplest of all cases, this 1s ef-
fected by compensation with a phase gradient differing
from the inversely equal phase gradient by a constant
amount, as represented in FIG. 34, instead of effecting
the compensation with an inversely equal phase gradi-
ent as represented in FIG. 3c.

As has been explained in greater detail by the publica-
tion mentioned at the outset, refocussing by means of an
rf pulse having a flip angle a of less than 180° will lead
to the transverse magnetization being split up into 4
sub-states which are illustrated diagrammatically in the
phase diagram of FIG. 4. As is obvious from FIG. 4, a
portion F of the phase ¢ of the transverse magnetization
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develops undisturbed, while another portion F* is in-
verted. The two remaining portions Z and Z* carry
coherent z magnetization.

If several such refocussing pulses are applied during

one pulse sequence, the effect of the pulse on each of 5

these states must be taken into account. The experiment
illustrated in FIG. 3 using the incompletely compen-
sated phase gradient according to FIG. 3d, therefore,
leads to the evolution diagram illustrated in FIG. 5.
‘This diagram 1illustrates the repeated splitting-up of the
transverse magnetization into four sub-states, at each of
the successive a pulses, and the phase shift resulting
from the residual amount AP of the incompletely com-
pensated phase gradient. The additional gradient AP so
formed leads to the formation of additional states with
the result that the echoes are doubled following the
second a pulse. These echoes result from the intersec-
tions E1 and E2 with the time axis T. As a result
thereof, one obtains a doubled echo train of the type
which 1s represented mm FIG. 6 and whose envelope
shows a double echo. The quantitative evaluation of the
diagram of FIG. 5 shows that the result of the experi-
ment consists in the superposition of an echo train
which is encoded by the phase gradient before the echo,
and an echo train which 1s encoded by the negative
phase gradient after the echo.

Given the fact that additional flow-responsive de-
phasing of the NMR signal occurs under the effect of
gradients, the phase of the two superposed echo trains is
phase-modulated, and the interferogram lines are dis-
placed correspondingly. As the-amount of such dis-
placement 1s determined decisively by the relative phase
difference between the echoes of equal phase encoding
and as these echoes are recorded in interferometry ex-
periments at time intervals of one to several seconds, it
follows that this embodiment of the method according
to the invention is extremely sensitive to flowing mate-
rial. The flow parabolas illustrated in FIG. 10 corre-
spond to a velocity of only approximate 3 mm/s. Ac-
cordingly, the method is excellently suited for measur-
ing extremely small flow effects in pure liquids having
T2 relaxation times in the seconds range. Considering
that this embodiment of the method according to the
invention makes use of double phase encoding, it will be
described hereafter as DOPE method, and the measur-
ing sequence used will be described as DOPE sequence.

The generation of a double signal according to the
invention can be achieved also by superposing a direct
echo and a stimulated echo. The sequence required for
this purpose is represented in FIG. 7. Line (a) shows,
above the time axis represented in line (b), a sequence of
three rf pulses with flip angles of 90°, a and 8. For the
pulse sequence of FIG. 7, the flip angles of the a and 3
pulses are preferably in the range of from about 90° to
about 135°, Any variation of a and 3 leads to a variation
of the relative signal intensity of the stimulated and the
direct echo. The flip angles of the a and 8 pulses are
chosen to provide stimulated and direct echoes of de-
sired amplitudes. In obtaining stimulated and direct
echoes of desired amplitudes, a tradeoff must generally
be made between the quality of the resulting magnetic
resonance image and the effectiveness by which the
measured parameter is represented by a striated pattern
on the image. Line (c) shows the operative times of the
read gradient which is applied as usual in imaging ex-
periments Finally, line (d) represents a schematic phase
diagram for illustrating the formation of the echo. The
full line corresponds to the signal which is dephased
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between the first and the second rf pulse, i.e. the 90°
pulse and the a pulse, then inverted by the a pulse,
rephased between the a pulse and the 8 pulse, then

furmishes the echo signal bl and is finally dephased
again. Thereafter, this signal is re-inverted by the third
pulse and then rephased once more to form an echo E1.

Before the a pulse and after the 8 pulse, the magnetiza-
tion content leading to the stimulated echo develops in
the same manner as the content furnishing the echo E1.
Between the a pulse and the B pulse, however, the
magnetization is a coherent z magnetization so that no
further phase evolution is encountered. If the phase

evolution of the signal leading to the direct echo is such

that the phase of this content is not identical, after the 3
pulse, to the phase of this content before the a pulse,
then the stimulated echo E2 is formed at a point in time
different from the direct echo E1, and accordingly a
double echo is obtained. Given the fact that the coher-
ent z magnetization between a pulse and the 8 pulse
remains unaffected by a gradient, the time interval be-
tween the a pulse and the 8 pulse may be used for
encoding the parameter to be measured by the NMR
interferometry method according to the invention. Or-
dinarily, the longer the time interval between the a
pulse and the 8 pulse, the more sensitive the experi-
ment. Preferably, the time interval between the a pulse
and the (3 pulse is in the range of from about 30 msec to
about 1 sec.

Here again, flow measurements may serve as a partic-
ularly explanatory example. It is generally known that
the signal of flowing substances is dephased under the
effect of a gradient in a manner different from a signal
originating from a stationary substance. Consequently,
the stimulated echo in an image-generating sequence is
subjected to more or less strong dephasing which may
even be intensified by symmetrical application of addi-
tional gradients before the a pulse and after the 3 pulse.
Additional gradients applied between the a pulse and
the B pulse may be used for suppressing any flow-
dependent phase of the signal of the direct echo. For
thus purpose, the following conditions must be fulfilled
for the gradients in all the three spatial directions:

le
f G -x(D{d) =0
lo

wherein t. 1s the triggering time of the signal and x(t) is
the time-dependent coordinate of the spin package
being observed. As a result, a phase difference is ob-
tained between the stimulated and the direct echo
which manifests itself in the NMR interferogram as
displacement of the striated pattern.

As an example for measurements of other parameters,
the determination of the local field strength will now be
described. If the gradient fields are applied in such a
manner that the stimulated echo E2 appears at a time t;
which is spaced from the time t; at which the 8 pulse
appears by an amount equal to the spacing {; —tg be-
tween the a pulse and the 90° pulse, then the signal does
not contain any information on time-constant additional
fields B of the type encountered in any NMR experi-
ment due to field inhomogeneities, susceptibility varia-
tions or non-uniform chemical displacement. In con-
trast, the direct echo carries a dephasing P which is
determined by the formula

P=2myB ((tg—13)— (12— t1)+(t1 — t0)1.
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Accordingly, the sensitivity to B of this experiment can
be determined by suitable selection of the time parame-
ters and displayed in an NMR interferogram. It is possi-
ble in this manner to display susceptibility variations,
field inhomogeneities and substances of different chemi-
cal composition by means of the method according to
the invention.

Finally, another variant of the method according to
the invention will be described where the signal is gen-
erated by superposition of the free induction decay with
an echo. The corresponding pulse sequence 1s repre-
sented in FIG. 8. Of the two signals used for generating
the interferogram one 1s the echo of two rf pulses hav-
ing the flip angles of approximately 90° and a, respec-
tively, while the other one represents the free induction
decay from the approximately 90° pulse alone. The flip
angle a for the a pulse of the method represented in
FIG. 8 is preferably the range of from about 90° to
about 150°. The amount of the 90° and a flip angles turn
determines the intensity of the two signals. The phase
~ evolution of the two signals is represented in line (d) of
FIG. 8, while line (a) represents the rf pulses and the
echo signals over the time axis (b), and line (c) indicates
the operative time and polarity of the read gradient.
The intensity and duration of the read gradient are
preferably determined in accordance with an NMR
imaging procedure. The full line in line (d) of the phase
diagram illustrates the generation of a signal F by the
free induction decay, while the broken line illustrates
the generation of the direct echo E. The iime between
the 90° pulse and the a pulse may be used as evolution
time tx for parameter encoding for NMR inferometry.
The evolution time ti is generally a factor influencing
the sensitivity of the method. In general, the longer the
evolution time tz, the more sensitive the method, but the
smaller the signal due to spin relaxation effects. This
variant permits again to represent flowing material and
to measure local magnetic fields.

For measuring flowing material, the flow-dependent
dephasing of the direct echo E on the one hand and the
signal F resulting from the free induction decay on the
other hand must be different. Here again, the flow-
dependent dephasing of the free induction decay may
be compensated to zero by suitable additional gradients,
while flow-dependent dephasing is maintained for the
output echo E.

For measuring local magnetic fields it may again be
ensured that the condition T, — T =t —fp1s fulfilled, i.e.
that the echo signal E is spaced from the a pulse by a
time interval substantially equal to the time interval
between the a pulse and the 90° pulse. In this case, the
direct echo does not contain any information regarding
time-constant additional fields. In contract, the signal F
resulting from the free induction decay is dephased by
an amount equal to

P=2myB(tf—1)).

This dephasing is represented by the NMR interfero-
gram in the manner described above. Conversely, it is
also possible, by increasing the spacing between the a
pulse and the 90° pulse, to achieve a dephasing of the
echo signal which is much greater than the dephasing of
the free induction decay, whereby the sensitivity of the
experiment can be increased.

As noted above, FIGS. 9 and 10 illustrate respec-
tively two-dimensional NMR tomographic images of
still and flowing water obtained in accordance with a
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preferred method of the present invention. The images
were obtained by proton magnetic resonance at a pro-
ton magnetic resonance frequency of about 10 MHz.
The NMR images were generated using the RARE
procedure essentially as described in an article by Hen-
nig et al. in the Journal of Computer-Assisted Tomogra-
phy, volume 10, pages 375-378 (1986) in conjunction
with the preferred method of the invention of illustrated
in FIG. 3 discussed above. The approximately 90° pulse
of the method of FIG. 3 was about 3.5 msec in width.
The a pulses had flip angles of about 150° and were
about 2.5 msec in width. The phase of each a pulse was
shifted approximately 90° from the phase of the initial
90° pulse. The time interval between the initial 90° pulse
and the first a pulse was approximately 17 msec. The
iime interval between adjacent a pulses was approxi-
mately 34 msec. The magnetic field gradients were
roughly 3 mT/m in intensity. In the case of FIG. 9, an
NMR image was obtained in accordance with the in-
vention from a sample of still water contained in a ves-
sel of approximately square cross section. In the case of
FIG. 10, an image pursuant to the invention was ob-
tained of water caused to flow through a hollow tube at
a flow velocity of approximately 3 mm/s. The method
of the invention permits the flowing water to be readily
distinguished from still water, as may be seen by com-
paring FIGS. 9 and 10.

The above explanations show that the method ac-
cording to the invention offers the person of the art a
tool which makes it possible to determine the value of
an additional parameter in multi-dimensional NMR
spectroscopy and, in particular, in NMR image genera-
tion, with high precision, and without any additional
apparatus input. The measuring processes themselves
are neither rendered more complex, nor extended in
time. Quite to the contrary, the methods used hereto-
fore iIn NMR spectroscopy can be modified in a
straightforward manner so that double signals are ob-
tained which exhibit the phase decoding depending on
the parameter to be measured and which can then be
used without any difficulty for deriving a stniated pat-
tern representative of the local value of the parameter.
Given the possibility to modify the known experiments
with a view to generating double signals and, thus, with
a view to producing the NMR interferograms accord-
ing to the invention, it is also readily obvious that the
invention 1s by no means limited to the described em-
bodiments, but that many possibilities are available to
the person of the art for making use of the method
operating according to the principles disclosed by the
invention.

I claim:

1. Method for encoding and displaying n parameters
in multi-dimensional Fourier NMR spectroscopy,
wherein n represents an integer =2, wherein two data
sets are generated simnultaneously which are encoded in
the same manner relative to (n—1) parameters, but
shifted in phase relative to in the direction of evolution
of the nth parameter, which data sets furnish first and
second signals following each other in pairs, the relative
phase position of the said signals being determined by
the value of the nth parameter, and the former of the
said signals corresponding to the one, the latter to the
other of the two data sets, and wherein a signal charac-
teristic of the value of the nth parameter is obtained by
Fourier transformation of the signals corresponding to
the two data sets, characterized in that the first and
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second signals belonging to one pair are treated as one
signal for the purposes of Fourier transformation so that
a (n— 1)-dimensional spectrum is obtained with a super-
posed striated pattern characteristic of the value of the
nth parameter.

2. Method according to claim 1, characterized in that
for recording the (n—1) data sets pulse sequences are
used which furnish a direct and a stimulated echo as
first and second signals.

3. Method according to claim 2, characterized in that
the pulse sequence comprises a number of successive
refocussing pulses and that at least one of the parame-
ters is encoded by a field gradient to which a compensa-
tion gradient is assigned after each echo signal, and that
the nth parameter is encoded by generation of a com-
pensation gradient differing from the field gradient.

4. Method according to claim 2, characterized in that
encoding of the nth parameter is effected during the
time interval between the first and the second refocus-
sing pulse, when the magnetization of the content gen-
erating the stimulated signal is present as coherent z
magnetization.

3. Method according to claim 1, characterized in that
the flip angle of the first refocussing pulse differs from
the flip angle of the following refocussing pulses.

6. Method according to claim §, characterized in that
the pulse sequence comprises a number of successive
refocussing pulses and that at least one of the parame-
ters 1s encoded by a field gradient to which a compensa-
tion gradient is assigned after each echo signal, and that
the nth parameter is encoded by generation of a com-
pensation gradient differing from the field gradient.

7. Method according to claim 5, characterized in that
encoding of the nth parameter is effected during the
time interval between the first and the second refocus-
sing pulse, when the magnetization of the content gen-
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erating the stimulated signal is present as coherent z
magnetization.

8. Method according to claim 7, characterized in that
encoding of the nth parameter is effected by application
of a corresponding gradient within the beforementioned
time interval.

9. Method according to claim 1, characterized in that
for recording the (n—1) data sets pulse sequences are
used which furnish the free induction decay and an
echo signal as first and second signals, respectively, and
that encoding of the nth parameter is effected during
the time interval preceding the refocussing pulse effect-
ing the generation of the echo signal.

10. Method according to claim 5, characterized in
that encoding of the nth parameter is effected by appli-
cation of a corresponding gradient within the before-
mentioned time interval.

11. Method according to claim 1, characterized in
that the (n—1) parameters are characteristic of two
directions in image plane and that the data sets are pro-
cessed according to the 2DFT method to obtain an
image with a superposed striated pattern representative
of a third parameter.

12. Method according to claim 1, characterized in
that the nth parameter is the flow velocity of the mate-
rial under examination.

13. Method according to claim 1, characterized in
that the nth parameter is the variation of the local sus-
ceptibility of the material under examination.

14. Method according to claim 1, characterized in
that the nth parameter is the variation of the strength of
the local magnetic field in the area of the material under
examination.

15. Method according to claim 1, characterized in
that the nth parameter is the variation of the chemical
displacement in the area of the material under examina-
tion.
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